ABSTRACT The recent advances in wireless communication technologies allow mobile users to access various data services anytime and anywhere on land, while it is one of challenging issues to provide reliable data communications for maritime users due to the geographic features on the sea. Considering the increasing demands of maritime digital data services, we need to develop maritime communications supporting high-speed data rates and extended communication coverage. In this paper, we present the stateof-the-art works related to the data requirements of maritime services and the technical characteristics of existing maritime networks. Then, we introduce a long-term evolution for maritime (LTE-Maritime) that is an ongoing research project in South Korea. The objective of LTE-Maritime is to develop a maritime communication infrastructure supporting the data rates in the order of megabits per second within the communication coverage of 100 km. In order to confirm the feasibility of LTE-Maritime, we implemented a testbed for the LTE-Maritime which consisted of ships equipped with LTE-Maritime routers, base stations (BSs) along the coast, and an operation center. The experimental results show that the LTE-Maritime could be a practical solution for ship-to-shore data communication. Furthermore, we discuss a set of open issues related to the development of LTE-Maritime network.
I. INTRODUCTION
The increasing demands of emerging data services requiring high data rates such as ultra-high definition (UHD) video have driven the rapid advances in wireless communication technologies. Recent communication technologies like long term evolution (LTE) and Wi-Fi can provide data rates over dozens of megabits per second to mobile users. In the near future, i.e., beyond 4G, the fifth generation (5G) will be launched with the objective of 10 to 100 times improvement in the number of connected devices and their data rates. It is expected that 5G could support the data rates up to tens of gigabits per second with the help of emerging solutions such as massive multiple-input and multiple-output (MIMO) and millimeter wave (mmWave) [1] .
Contrary to these revolutionary improvements of wireless communications on land, providing reliable and high-speed for reliable, high-speed, and cost-effective communication system.
In order to meet the communication requirements of maritime users, in the Republic of Korea, an LTE-Maritime project was recently launched with the objective of providing the communication coverage of 100 km and high data rates in the order of megabits per second. The basic idea of LTE-Maritime is applying LTE technology currently used in the terrestrial region to the maritime domain. Throughout this paper, we focus on answering the question ''Could LTE technology satisfy the communication coverage and data rate requirements in maritime environments?''. This paper is organized as follows. In section II, as a motivation of study, we present the maritime service requirements and maritime communication systems proposed in recent works of literatures. This survey indicates that there is a considerable gap between the communication needs of maritime services and the capability of existing maritime networks. In section III, we introduce the performance objectives and specific characteristics of LTE-Maritime. In section IV, the testbed implementation and onboard experiment results are described in order to validate the feasibility of LTE-Maritime. The results show that LTE-Maritime can achieve the data rates over 10 Mbps even at a distance of 100 km from BS and it can be a practical solution for maritime communication. Further, some technical research challenges associated with the development of LTE-Maritime are discussed in section V. Finally, we conclude this paper with future research directions. Fig. 1 depicts a general communication network architecture for the maritime environment. A main component of the architecture is two-way communication links between ship-to-shore and ship-to-ship. The other one is various data services used for maritime users through the communication links. In this section, we present a comprehensive survey of maritime data services and maritime communication systems. The survey focuses on specific use cases of maritime data services and their communication requirements, and technical characteristics of existing maritime networks in terms of data rate, communication coverage, and cost. 
II. MOTIVATION OF STUDY

A. MARITIME SERVICE REQUIREMENTS
According to the maritime radio communications plan (MRCP) developed by the international association of marine aids to navigation and lighthouse authorities (IALA) [6] , the maritime services can be divided into three types of safety service, operational service, and commercial service. Based on this classification, a variety of maritime data services and their data rate requirements are summarized in Table 1 [7] - [9] .
Typical maritime services such as AIS, GMDSS, search and rescue (SAR), maritime information overlays (MIO), and electronic chart updates are used in most of vessels in order to assure the safety of life and efficient voyage at sea. These services require relatively low data rates and their maximum requirement is 100 kbps. However, as maritime equipment and services are modernized, the data rate requirements of maritime services have been gradually increasing. For example, Korean e-Navigation services are being developed to support the safety and efficient navigation specialized in Korean waters. It is estimated that they need the data rates of 1.56 Mbps based on the simulation test. Further, in order to prevent marine accidents, vessels are equipped with a lot of sensors. It is reported that the data transmission of sensor information collected from LiDAR and infrared camera VOLUME 7, 2019 requires a couple of megabits per second. Besides the safety issues, many crews and passengers want to enjoy the daily of life on the voyage. The infotainment (information and entertainment) service for social communication and interaction with family and friends requires the data rate of 1.5 Mbps.
It is noted that although the communication requirements above mentioned could vary depending on user preferences and service types, various data services for maritime stakeholders have been developed and their communication requirements have also been increasing in the order of megabits per second.
B. MARITIME COMMUNICATION NETWORKS
Developing a new maritime network has attracted significant attention of researchers to keep pace with the increasing demands of maritime data services as shown in the previous section. Table 2 summarizes the maritime wireless communication networks and their technical characteristics including legacy maritime systems and recent research projects.
The conventional maritime systems such as digital selective calling (DSC), AIS, navigation data (NAVDAT), and VHF data exchange system (VDES) communicate with the shore by using frequency bands of MH, HF, and VHF [5] , [6] . They are generally used for the safety of ships and provide the communication coverage of several hundred kilometers with low cost. However, they are not applicable for transmitting substantial data services like video and LiDAR due to their limited channel bandwidth. For example, NAVDAT and VDES systems can support the data rate up to 18 kbps and 307 kbps, respectively. The satellite systems have been used for global communications, which are classified into low earth orbit (LEO), medium earth orbit (MEO), geostationary orbit (GEO), and high elliptical orbit (HEO) according to satellite orbits [6] , [10] . With advanced communication technologies, recent satellite systems can support high data rates as well as global communication coverage. For example, the data rates of Inmarsat and VSAT commonly used in maritime environments are up to 50 and 46 Mbps, respectively. Nonetheless, the high cost of launching, operation, and communications charge still remains a disadvantage of satellite systems. For example, FleetBroadband G service provided by Inmarsat costs 0.4∼20.85 U.S. dollars per megabyte [5] .
In order to deal with these limitations of legacy maritime communications, many studies are trying to apply existing terrestrial wireless technologies to maritime communication systems. In Singapore, a wireless broadband access for seaport (WISEPORT) provides the data rate up to 5 Mbps with the coverage range of 15 km based on worldwide interoperability for microwave access (WiMAX) technology [11] , [12] . In TRION project, a wireless mesh network is proposed to extend the communication coverage based on the IEEE 802.16d mesh technology [2] . The mesh nodes consist of ships and buoys, and they can route and relay the packets for other nodes according to own routing protocol developed in the project. In [13] , maritime broadband communication (MariComm) project proposes a wireless heterogeneous multi-hop relay network based on LTE and WLAN. The experiment results show that the MariComm system can provide the data rates over 1 Mbps and the transmission distance of 100 km from the coast with the support of multi-hop relay functionality. In BLUECOM+ project [14] , a wireless heterogeneous multi-hop relay network is proposed by using the tethered balloons above the ocean surface, where the balloons are used as a wireless router for air-to-air links. The simulation results show that the proposed network can achieve the data rate of 3 Mbps and the communication coverage up to 150 km with two hop relays. However, the practical experiment in maritime environments remains as future work. In India, a heterogeneous wireless mesh network is proposed, where long range (LR) Wi-Fi is used to extend 53174 VOLUME 7, 2019 the communication coverage between ship-to-shore and shipto-ship and it is connected to the LTE core network [15] . The experiment results show that it can support the coverage of 66.3 km with a relay and the data rate of 750 kbps at a distance of 45 km.
In addition to these projects developing new infrastructures for maritime communications, research efforts have been made for enabling the maritime internet of things (IoTs) using VHF links available on the majority of vessels [16] , [17] . They integrated VHF communications with IoT technologies and protocols to extend the communication coverage in the maritime environment, however, the data rate of proposed networks is limited to tens of kbps due to the drawbacks of VHF links. IEEE 802.11p for intelligent transportation systems (ITS) can be considered for maritime communication [8] , [11] . The scheduling and routing protocols for maritime communication have been extensively proposed to improve the network performance [11] , [12] , [18] . On the other hand, the communication costs of maritime solutions must be within the affordable range of maritime users. Although broadband services operated in the licensed spectrum like LTE and WiMAX charge communication costs for data access, a recent study showed that mobile users would be willing to pay 30∼65 U.S. dollars per month [19] .
III. LTE-MARITIME
LTE-Maritime aims at developing a new wireless maritime network that enables maritime users to access a variety of data services requiring the high data rates in coastal areas of 100 km from a shore. The overview of LTE-Maritime communication architecture in the project is illustrated in Fig. 2 and the main features of LTE-Maritime are followings.
• LTE-Maritime is based on LTE technology that is a promising solution for wireless maritime network. LTE is capable of providing increased data rate, capacity, and spectral efficiency even in dynamic propagation environments with the support of advanced techniques such as MIMO and carrier aggregation (CA) [19] , [20] . Furthermore, it has the potential to provide the communication coverage about 100 km depending on the cell environments, though LTE for commercial mobile communication is designed with a relatively short cell coverage [5] , [21] , [22] . This superiority of LTE makes us develop a single-hop network enabling ship-to-shore data communication based on LTE technology. In general, the wireless mesh networks are vulnerable to link failures caused by radio interference and they could not assure reliability [23] . Contrary to existing maritime networks for extending the communication coverage with multi-hop transmission, LTE-Maritime enables ships to communicate with onshore BSs directly and it can improve reliability. Therefore, it is more suitable especially for the safety related maritime services that require high reliability as well as low latency.
• LTE-Maritime consists of base stations (BSs), evolved packet core (EPC) equipment, and routers. A number of BSs are located at a high altitude of mountainous areas along the coastline to assure the line of VOLUME 7, 2019 FIGURE 3. LTE-Maritime testbed and experiment environments.
sight (LoS). Each BS is composed of multiple radio units (RUs) and digital units (DUs). The RU and DU are responsible for radio transmission and reception, and for data processing, respectively. Every DU is connected to LTE-Maritime operation center through the wired network. An EPC is located in the operation center and its entities are serving gateway (S-GW) for packet routing and charging with policy and charging rules functions (PCRF); packet data network gateway (P-GW) for quality of service (QoS) management and anchor point of external networks; mobility management entity (MME) for mobility control, authentication, and authorization; and home subscriber server (HSS) for subscriber management [20] , [24] . On ship side, we developed the LTE-Maritime router suited for maritime environment. It is equipped to compass deck of ship with high gain antennas of 6 dBi and the antenna length of 1.2 m. It could provide better communication performance than typical mobile devices.
• The performance goal of LTE-Maritime is divided into two cases depending on the distance from the coastline. The objective of region A is to cover the area from BS to 30 km with the average data rates of 6 Mbps and 3 Mbps for downlink (DL) and uplink (UL), respectively. The objective of region B is to cover the area from 30 km to 100 km with the average data rates of 3 Mbps and 1 Mbps for DL and UL, respectively. The coverage objective was set based on the fact that 88% of marine accidents in Korea happen in non-SOLAS ships within the coverage of 100 km [25] .
With the above characteristics, LTE-Maritime will be developed by 2020 in the Republic of Korea. It is expected that LTE-Maritime can support various Korean e-Navigation services for marine accident prevention and effective navigation. The Korean e-Navigation services include navigation monitoring and assistance, ship-borne system monitoring, safe and optimal route planning service, real-time electronic navigational chart distribution and streaming, pilot and tug assistance, and maritime environment and safety information. In addition, LTE-maritime network could provide various data services for maritime users with improved reliability, high data rate, long enough coverage, and low cost compared to current maritime networks.
IV. TESTBED IMPLEMENTATION
In order to validate the feasibility of LTE-Maritime, we implemented an LTE-Maritime testbed and conducted a lot of onboard experiments in Korean waters. In this section, the details of experiment environments are explained and the performance results of LTE-Maritime are analyzed.
A. EXPERIMENT ENVIRONMENTS
As shown in Fig. 3 , for an LTE-Maritime testbed, 13 BSs were developed at a high altitude of mountainous regions along the coastline and they consist of 22 RUs and 14 DUs. For example, a BS in Gangneung area is composed of DU #1, RU #1, and RU #2 and it is located at 350 m high. In addition, 3 BSs of femto were developed to enhance the communication performance in the Islands area. Each BS is connected to an LTE-Maritime testbed center in Busan through the wired network. The testbed center consists of an EPC, an entity management system (EMS), and several servers. The routers developed for LTE-Maritime with high gain antenna were equipped to compass deck of ships.
In onboard experiments, the LTE-Maritime router communicates with onshore BSs while a ship sails along the planned route. The laptops for performance measurement are connected to the router and they measure main communication parameters such as reference signal received power (RSRP), signal to interference and noise ratio (SINR), throughput, physical cell identity (PCI), and the number of resource block (RB) using a diagnostics monitor (DM) software installed on the laptops. In addition, for data transmission, a file transfer protocol (FTP) auto-call server was used where DL, UL, and idle periods were set to 1, 1, and 3 minutes, respectively. The frequency range of LTE-Maritime network is 728∼738 MHz for UL and 778∼788 MHz for DL. Fig. 4 shows the measured experimental results in three regions of the East sea, the South sea, and the Yellow sea. In each case, the left top picture depicts the ship's route, the route's distance, the location of BSs, and the direction of the antenna. The left bottom table represents the average values of RSRP, SINR, and throughput, and the maximum coverage overall route. The right graph shows the variation of each parameter value as the ship sails along the route.
B. RESULTS OF EXPERIMENT
For the East sea case, the variation of RSRP and SINR values has three kinds of patterns. In the red dotted box, as the ship sails away from the harbor, both values gradually increase. This is because, when the ship is near the harbor, it can not assure LoS environment due to surroundings such as buildings and mountains, and it also be interfered with other radio signals from terrestrial region. In the blue dotted box, RSRP and SINR decrease as the signal strength of the neighboring cell becomes much stronger than that of the serving cell. After PCI number is changed from 420 to 421 (i.e., a handover (HO) occurs at that point), both values start to increase. In the rest of the route, the values of RSRP and SINR obviously decrease according to the distance between the BS and ship. In addition, the average throughput for both DL and UL is over 11 Mbps with the maximum coverage of about 100 km.
For the South sea case, onboard experiments were conducted from Busan to Tsushima on an international passenger ship, in which the antenna tilt and transmission power of BS were adjusted from 0 to 10 degree and from 46 to 43 dBm considering the impact of propagation interference on a neighboring country. The orange dotted box shows a similar trend with the East sea case near the harbor due to the non-LoS environment and interference. On the other hand, the values of RSRP and SINR rapidly decrease and the communication link between the BS and ship is intermittently disconnected near the destination because the radio signal is blocked by Tsushima Island. The average throughput for both DL and UL has relatively high values compared with the East sea case. For example, the average DL throughput from Tsushima to Busan is 27.8 Mbps. The reason is that the South sea experiment has a relatively short route of 65 km resulting in much stronger RSRP values.
The experiments on the Yellow sea have a distinct characteristic different from the other cases. In this area, there are a lot of Islands and they interrupt the transmission and reception of the radio signal. Therefore, in order to reduce the performance degradation caused by Islands, more BSs were developed in the Yellow sea region. This environment leads to frequent HOs and wide fluctuation in RSRP and SINR values as shown in the green dotted box. Nevertheless, LTE-Maritime can achieve the average throughput over 22 Mbps for DL and 12 Mbps for UL with the maximum coverage of about 107 km.
Looking at these results in terms of the maritime network performance, we can find that the LTE-Maritime testbed satisfies the maritime user's need for high-speed communication over Mbps as well as long communication distance of 100 km. Furthermore, when the cell planning optimization that decides the network deployment such as the number and location of BSs, antenna tilt, and transmission power level is applied by 2020, the communication performance of LTE-Maritime could be more improved.
V. DISCUSSIONS
The maritime networks have unique characteristics different from terrestrial networks in terms of communication requirements and propagation environments. In this section, several technical research challenges found in the testbed experiments and related studies are addressed.
A. CELL COVERAGE
The coverage requirement of maritime networks is generally longer than that of terrestrial networks. In order to estimate the cell coverage, it is essential to use an appropriate path loss model in the cell planning stage. The signal path loss indicates the signal strength reduction while the signal propagates from transmitter to receiver. Modeling the path loss for maritime communications is a challenging issue due to the unique features such as varying sea state, reflection, scattering, and ducting effect. In [26] - [28] , research efforts have been made for applying existing path loss models to the maritime environment and developing the maritime models. In this section, as an example, the widely used Hata propagation model is discussed. It is applicable for various propagation environments of LTE communications in the frequency range of 200∼2,000 MHz and its equation is expressed as follows [28] - [30] L[dB] = (44.9−6.55 log 10 h t ) log 10 d +45.5+(35.46 −1.1h r ) log 10 f c −13.82 log 10 h r +0.7h r +C (1) where d is the distance between transmitter and receiver (km), f c is the carrier frequency (MHz), h t is the height of transmitter antenna (m), h r is the height of receiver antenna (m), C is the constant factor depending on propagation environment. The value of C is defined as 3 dB for urban area and 0 dB for rural area, respectively. LoS propagation is another factor which limits the communication coverage. The radio horizon distance can be calculated by the height of transmitter and receiver antennas, which is given by [31] d LoS 
Based on the equations of (1) and (2), Fig. 5 shows the impact of various antenna heights on the communication coverage for Hata and LoS propagation. When the communication distance for Hata propagation is calculated, it is assumed that received power requirement is −110 dBm, the safety margin due to shadow fading and other interference is 8 dB, and the other parameter values are applied equally to the parameter settings of testbed experiment. It is shown that, for all cases the communication distance becomes considerably longer as the height of transmitter increases. For example, when the height of receiver antenna is 10 m, the communication distance by Hata propagation increases up to threefold. In addition, the Hata and LoS propagation can provide the communication distance over 100 km with the transmitter antenna height of 500 m and receiver antenna height of 10 m.
From the results of Fig. 5 , it is observed that the height of transmitter and receiver antennas is an important factor 53178 VOLUME 7, 2019 determining the communication distance. That is the reason why we developed the BSs of LTE-Maritime at a high altitude of mountainous regions near the coastline. To further design a practical LTE-Maritime communication system, we need to modify existing path loss models to be suitable for the maritime environment. The modeling of maritime path loss is in progress under our research project of LTE-Maritime and it is outside the range of this paper.
B. ONBOARD TERMINAL
Unlike typical mobile devices for terrestrial communication, onboard terminals for maritime communication (e.g., LTE-Maritime router used in our experiments) have several features. The antenna of onboard terminal is usually placed on the top of the ship. It can provide longer LoS distance and better received signal quality compared with a mobile terminal in a cabin which receives the radio signal passing through the windows. Taking the location of the antenna into consideration, it needs to be durable in the rough sea conditions such as wave, wind, and rain. In addition, a high gain antenna is desired to support improved communication coverage and data rate. The technical characteristics of different kinds of antennas can be found in [22] .
C. MOVEMENT MANAGEMENT
In maritime environments, the constant variation of antenna's orientation and height caused by sea surface movement has significant effects on wireless communication performance. It may lead to the increase of propagation loss and bit error rate (BER), and communication link failure [2] , [3] . In practice, a measurement study reveals that the variation of antenna's height caused by sea movement is one meter, which may result in the path loss change of 16 dB. The measurement results conducted at same RSRP condition show that BER performance decreases in the maritime environment, where the measured BER values of land-to-land, ship-to-shore, and ship-to-ship communications are 10 −6 , 10 −5 and 4 · 10 −5 , respectively. In addition, a study on the BER performance with different sea states shows that the BER performance rapidly degrades as the sea state becomes worse [2] , [32] , [33] .
Besides the sea surface movement, the mobility pattern of ships needs to be considered to assure continuous communication services. As a ship sails along the route, the data rate may sharply drop and the communication link may be disconnected at the cell edges. For terrestrial communications, mobility management and HO algorithms have been designed based on decision parameters such as UE speed, path loss, available bandwidth [20] , [34] . However, these technologies are carefully investigated for maritime networks. Because the ships have a different mobility pattern compared to typical mobile devices and the BSs of maritime networks are sequentially distributed along the coastal areas rather than a hexagonal structure of terrestrial networks.
D. INTERFERENCE
Interference leads to SINR degradation and increased collision probability resulting in the reduction of overall network performance. In general, mobile communication systems suffer from intra-cell interference and inter-cell interference, which are caused by adjacent channels within the same cell and the same frequency channels from neighbor cells, respectively. The effect of interference on the performance degradation becomes more severe when a mobile user is in the crowded areas and at cell edges. In order to deal with these interference issues in maritime domain, the transmission scheduling scheme and the position-power control scheme of the pilot sequences have been proposed [35] , [36] .
Moreover, maritime networks may suffer from interference by the unwanted spurious signal from adjacent countries. In order to confirm the existence of spurious signal and its impact on the LTE-Maritime performance, we conducted lots of measurement on the Yellow sea region depicted in Fig. 4 (c) . By comparing Fig. 6 (a) with Fig. 6 (b) , it is confirmed that there exists a spurious signal in the frequency range of 718∼737 MHz. Fig.6 (c) and (d) show that the interference by spurious signal considerably degrades the network performance overall the route and causes call drop as shown in the red dotted box. In order to address interference problems, the interference mitigation and avoidance techniques such as interference cancelation, adaptive beamforming, frequency reuse, cell coordination, and frequency filtering need to be further considered for maritime communications [37] , [38] .
E. QOS CONTROL
The safety related services such as vessel status monitoring and collision avoidance are essential for maritime users like crews and fishers to prevent accidents. These services are strictly required to guarantee low latency and high reliability. In order to satisfy delay sensitive QoS requirements, LTE has the capability to determine QoS class identifier (QCI) level based on service characteristics and allocates the limited radio resource based on QCI information for each service. Together with these functionalities of LTE, QoS management schemes for LTE-Maritime need to be further developed by considering the environmental features like a density of vessels, maritime service characteristics, and channel status variation. The QoS control schemes include packet scheduling, adaptive modulation, channel coding, adaptive power control, and cross layer optimization.
VI. CONCLUSION
In this paper, we provide a survey on the wireless maritime networks to confirm how much existing maritime communication systems can support the emerging service requirements. This survey reveals that existing maritime systems have the limitations of the low data rate of legacy maritime communications and the high cost of satellite communications. As a maritime communication solution based on LTE technology, we introduce LTE-Maritime that is an ongoing research project in the Republic of Korea. Contrary to recent efforts for extending the communication coverage with multi-hop and mesh networks, the BSs of LTE-Maritime located at high altitude directly communicate with ships to guarantee the communication coverage and reliability. The onboard experiments conducted on the testbed show that LTE-Maritime can support high data rate in the order of Mbps while providing long coverage around 100 km. Furthermore, we discuss several considerations such as antenna location, movement management, interference management, and QoS control that still need to be addressed. Future research directions are to derive a maritime propagation loss model through lots of onboard measurements and conduct a cell planning based on the derived propagation model. HO, interference management, and QoS scheduling algorithms will also be developed to optimize the LTE-Maritime performance by considering maritime characteristics. WOO-SEONG SHIM received the B.S. and Ph.D. degrees from the School of Electronic Engineering, Chung-Nam National University, Daejeon, South Korea, in 1997 and 2017, respectively. He has studied in Maritime GIS-like electronic navigational chart and its application system in early stage of his career. He is involved in the Korean e-Navigation Project, especially developing LTE-Maritime as a novel maritime high-rate data networks. VOLUME 7, 2019 
